Oxalate decarboxylase (OXDC) from the wood-rotting fungus Flammulina velutipes, which catalyzes the conversion of oxalate to formic acid and CO 2 in a single-step reaction, is a duplicated double-domain germin family enzyme. It has agricultural as well as therapeutic importance. We reported earlier the purification and molecular cloning of OXDC. Knowledge-based modeling of the enzyme reveals a ␤-barrel core in each of the two domains organized in the hexameric state. A cluster of three histidines suitably juxtaposed to coordinate a divalent metal ion exists in both the domains. Involvement of the two histidine clusters in the catalytic mechanism of the enzyme, possibly through coordination of a metal cofactor, has been hypothesized because all histidine knockout mutants showed total loss of decarboxylase activity. The atomic absorption spectroscopy analysis showed that OXDC contains Mn 2+ at up to 2.5 atoms per subunit. Docking of the oxalate in the active site indicates a similar electrostatic environment around the substrate-binding site in the two domains. We suggest that the histidine coordinated manganese is critical for substrate recognition and is directly involved in the catalysis of the enzyme.
Oxalates in animals including humans originate mostly from the diet, especially through ingestion of leafy vegetables and other plant parts. The catabolic pathway of oxalic acid is present in bacteria, fungi, and plants but not in vertebrates. Therefore, management of oxalate in humans is very important because of the absence of any enzyme system that can degrade oxalate. Excess ingestion of oxalate leads to an acute oxalate toxicity, which can result in a variety of disorders including renal failure and urolithiasis (Curhan 1997) .
Oxalic acid is widely distributed as calcium and magnesium salts and is catabolized by two major pathways, oxidation (oxalic acid + O 2 → 2CO 2 + H 2 O 2 ) and decarboxylation (oxalic acid → formic acid + CO 2 ). The decarboxylation occurs either by activation of oxalic acid to oxalyl CoA that is then degraded by oxalyl CoA decarboxylase (OXAOXA) or directly decarboxylated to formate and CO 2 . A number of bacterial species, for example, Pseudomonas oxalaticus and Oxalobacter formigenes degrade the oxalate by activation pathway (Chandra and Shethna 1977; Baetz and Allison 1989) which requires ATP, CoA, Mg 2+ , thiamine pyrophosphate (TPP), and acetate. Oxalate oxidase (OXOX) that converts oxalate to CO 2 and H 2 O 2 has been reported from moss (Datta and Meeuse 1955) and other higher plants (Chiriboga 1966; Pundir and Pundir 1993) . In contrast, the decarboxylases that catabolize oxalate directly to formate and CO 2 have been reported mostly from fungi such as Aspergillus niger (Emiliani and Bekes 1964) , Sclerotinia sclerotiorum (Magro et al. 1988) , Flammulina ve-lutipes (Mehta and Datta 1991) , and Postia placenta (Micales 1997) and at least one from a bacterium, Bacillus subtilis (Tanner and Bornemann 2000) . Of four fungal enzymes reported to date, possibly the best characterized is that from the wood-rotting fungus F. velutipes (previously known as Collybia velutipes). All of these decarboxylases are induced by oxalate with the sole exception of B. subtilis enzyme. Bacterial decarboxylase also differs from F. velutipes OXDC in subunit size and pH optimum. The lack of induction of the OXDC ortholog in B. subtilis by exogenous oxalate suggests a role different from that in fungi. It is suggested that the B. subtilis enzyme is involved in decarboxylative phosphorylation similar to that in the gram-negative bacterium O. formigenes, in which the antiporting of oxalate and formate are coupled to oxalate decarboxylation to generate a proton-motive gradient (Maloney 1994) . As F. velutipes OXDC is active at low pH (Mehta and Datta 1991) and most of the oxalates reside in plant cell vacuoles, it is conceivable that this enzyme could be targeted to this organelle to generate oxalate-free transgenic plants. OXDC has great agricultural importance as it has been shown to confer improved tolerance in transgenic crops to fungal pathogens such as S. sclerotiorum that use oxalic acid (Kesarwani et al. 2000) . OXDC also has great prospects in gene therapy for lowering the oxalate levels in plasma and subsequently in the urine of individuals susceptible to urolithiasis.
The structural basis of the mechanism of OXDC action has not yet been elucidated. OXDC shares the germin motif with two vicilin seed storage proteins. Although the actual sequence homology is not very high, it has been suggested that the structural fold of most of the proteins containing the germin motif is similar (Dunwell and Gane 1997) . In this paper, we suggest a model structure of OXDC using phaseolin and canavalin as templates. Experiments designed on the basis of this model led to the identification of a divalent manganese ion bound to a cluster of histidines at the active site of the enzyme. Site-directed mutagenesis involving these histidines suggested that each one of them is critical for enzyme activity. We also propose a geometry of oxalic acid binding to OXDC through the interactions involving manganese ion.
Results

Structure of OXDC
A BLAST search using OXDC sequence with the PDB entries did not yield any good hits. A sequence comparison shows the alignment of OXDC with other germin family proteins (Fig. 1) . In addition to the critical residues within the germin motif, certain residues in other regions are also conserved across these proteins. Although a large number of proteins consisting of germin motif have been characterized (Dunwell and Gane 1997) , the three-dimensional structures of only canavalin (Ko et al. 1993) , phaseolin (Lawrence et al. 1994) , and oxalate oxidase (Woo et al. 2000) have been reported among the different members of this family. Although the amino acid sequence of OXDC shares only 16.6% identity with canavalin and 7.2% identity with phaseolin, the sequence similarity between the germins and the vicilins is statistically significant (Baumlein et al. 1995) . The sequence similarity also implies structural similarity and hence forms the basis for the modeling described in this paper. There are reports of building models based on such motif structures in otherwise very low similarity proteins (Chavali et al. 1997; Gane et al. 1998 ). The sequence alignment of OXDC was done using germin motif as template identified in all three of the proteins. Like OXDC, phaseolin and canavalin are two-domain proteins but contain the germin motif in only the C-terminal domain. The N-terminal domain was aligned such that the OXDC-germin motif aligns with the sequences of phaseolin and canavalin that correspond to the germin motif in the C-terminal domain. Insertions and deletions were adjusted to optimize the homology. The sequence alignment of OXDC with OXAOXA, OXOX, B. subtilis oxalate decarboxylase, and the hypothetical protein from Synechocystis is also shown in Figure 1 . Except for OXOX, these are all double-domain proteins containing a germin motif in each domain. However, OXAOXA, a double-domain protein, lacks the germin motif in either of the two domains. OXDC shows 14.3%, 30.5%, and 46.7% sequence identity with OXAOXA, Synechocystis, and B. subtilis proteins, respectively. OXOX is a single-domain protein which shows 8% identity with the N-terminal and 11.6% with the C-terminal domain of OXDC.
We built a structural model of OXDC on the basis of the sequence alignment using phaseolin and canavalin structures as templates. The first 96 amino acids could not be modeled, as neither of the template protein contains the equivalent region. In any case, this amino terminal segment is not likely to be involved in catalysis, because other cupins (e.g., OXOX) retain the functional activity even though they lack this segment. Assuming that OXDC may exist in the same physiological state as that of phaseolin, a trimer model was constructed using the monomer model and the phaseolin crystal structure. The stereo drawing of the model is shown in Figure 2 . Like phaseolin, OXDC uses ␣-helical domains to form inter-monomer connections forming an independent four-helix bundle domain involving two ␣-helices each from the neighboring monomers. Two ␤-barrelcontaining structurally similar domains form the core of the model.
The striking feature of OXDC is that the three histidines in each of the two domains (H154, H156, and H199 in the N-terminal domain and H335, H337, and H381 in the Cterminal domain, respectively) that are part of the germin motif form a cluster. The histidines lie on neighboring antiparallel ␤-strands with two of the histidines in one strand and the third on the adjacent ␤-strand. The histidines are juxtaposed and thus resemble metal coordinating geometry as observed in metal-binding proteins (Iverson et al. 1990; Yamashita et al. 1990; Pessi et al. 1993; Regan 1995) , thereby implying a possible metal binding site within the germin box of OXDC. Interestingly, the histidine cluster in OXDC is similar, structurally, to that of OXOX (Gane et al. 1998) . It was recently shown that a single manganese ion is bound per monomer of OXOX by ligands similar to those of manganese superoxide dismutase (Woo et al. 2001) . However, neither canavalin nor phaseolin has such histidine triad geometry.
Site-directed mutations in OXDC
The functional role of the histidine triad in each of the two domains of OXDC monomer was investigated using sitedirected mutagenesis. The clone pROD was mutated to incorporate alanine in place of each of the histidines, and six single mutants and four double mutants were generated. As shown in Figure 3A , all of the single as well as the double mutants showed expression of recombinant OXDC protein. The recombinant protein was found to exist in different glycosylated states along with the 64 kD glycosylated form of native OXDC. However, the recombinant protein from pROD was catalytically active. Unlike in the native system, the level of expression of OXDC was very low when expressed in fission yeast. The enzymes thus expressed in fission yeast cells were partially purified at 205-fold with 19.6% recovery. The level of expression in all of the mutants was found to be comparable to that of overexpressed protein in pROD; however, no activity was detected in mutant enzymes (Fig. 3B ). These results suggest that all six histidines in the two clusters are critical for OXDC function.
Oligomeric organization of OXDC
The OXDC from F. velutipes when analyzed by nondenaturing PAGE under nonreducing conditions migrate as a single band with the apparent molecular mass of 420 kD (Fig. 4A,B) . Our earlier studies on OXDC using a 7%-15% gradient SDS-PAGE gel showed a single polypeptide of 64 kD, and this molecular size was consistent with all different gel percentages used under reducing conditions (Mehta and Datta 1991) , suggesting that OXDC is a hexameric protein.
In SDS-PAGE, both under nonreducing and reducing conditions, the protein migrates predominantly as a hexamer with the apparent molecular mass of 410 kD, along with a small amount of trimeric and monomeric forms having the apparent molecular mass of 180 and 64 kD, respectively. When the protein sample is boiled in the presence or absence of a reducing agent (2-Mercaptoethanol) and subjected to SDS-PAGE, it migrates only as a monomeric species (Fig. 4C , lanes 5-8). An immunoblot analysis also revealed the presence of a single monomeric form of OXDC upon boiling in SDS-PAGE under nonreducing conditions (Fig. 4D ). Although each subunit of OXDC contains one cysteine residue in the N-terminal domain at 140 positions (Kesarwani et al. 2000; Datta et al. 1996) , it is likely that they do not form any intra-or intermolecular disulfide linkages. Thus, the band observed under nonreducing conditions confirms the hexametric form of OXDC with noncovalently linked monomers.
The question arises as to whether the oligomerization in recombinant OXDC and/or its mutated forms expressed in fission yeast is identical to that of the native form. To test the event of oligomerization in an alien environment, protein extracts from the clones expressing either recombinant OXDC or its mutated forms were subjected to SDS-PAGE under nonreducing and reducing conditions. The hexameric form of OXDC remained unaltered in pROD as well as mutated clones (Fig. 4E) . These results indicate the occurrence of a single noncovalently linked oligomerization of OXDC protomers in all of the clones tested, as in the case of F. velutipes.
Although the homology with phaseolin and canavalin led to the construction of the trimeric structure, the above experimental data indicate that OXDC forms a hexameric assembly. Many enzymes form oligomeric states with a hierarchical organization of subunit assembly (Morera et al. 1994; Engel et al. 1996; Holtham et al. 1999) . Thus knowledge-based modeling was used to generate the hexameric structure. Homogentisate dioxygenase (Titus et al. 2000 ) is a hexamer made up of two trimers akin to the OXDC trimer. The overall shape of each of the monomers of OXDC is similar to that of homogentisate dioxygenase. The OXDC trimer was aligned in sequence with homogentisate dioxygenase, and then the symmetry transformations were applied to the OXDC trimer structure, similar to those of homogentisate dioxygenase, to generate the hexamer (Fig.  5) . The doughnut-shaped molecules stack on top of each other to form the dimmer of trimers.
Presence of bound manganese
The histidine clusters in OXDC are structurally similar to other manganese-binding proteins, leading to the possibility that they define metal-binding sites involving divalent cations such as Cu 2+ , Mn 2+ , Zn 2+ , Ni
2+
, and Co 2+ . The presence of divalent cation in purified OXDC from F. velutipes was analyzed using atomic absorption spectroscopy. The purification protocol involves two extensive dialysis steps to remove extraneous metal ions. The only metal ion (K + ) used during purification of the enzyme was not a candidate cofactor. The results indicated the presence of Mn 2+ 1.5 to 2.5 atoms per monomer of OXDC for two different preparations. However, the enzyme samples of both the preparations contained insignificant amounts of Cu, Co, Ni, and Zn (Table 1) . Together these data suggest that Mn 2+ is tightly bound to OXDC as a cofactor and possibly plays an important role in structural configuration and catalytic activity of the enzyme.
In an earlier study, we expressed OXDC in Escherichia coli cells grown in Luria-Bertani broth, but the enzyme was functionally inactive (Kesarwani et al. 2000) , probably because of incorrect folding of the enzyme. However, in the present study, fission yeast cells could express active OXDC when grown in synthetic medium (EMM) that contains many divalent metal ions including Mn 2+ , which is otherwise absent from LB broth. The findings in metal analysis showed that the divalent cation Mn 2+ is the cofactor of OXDC.
Cooperative binding of oxalic acid to OXDC through histidine cluster
The rate of F. velutipes OXDC activity, when plotted against oxalic acid, showed a sigmoidal response to the increasing substrate concentration. As was observed, in decarboxylation of oxalic acid by OXDC, the interaction coefficient n is >1, suggesting that there are at least two substrate-binding sites per molecule and that the binding of oxalate with OXDC is a cooperative process.
The binding of 14 C-labeled oxalic acid to OXDC was determined as described in Materials and Methods. The catalysis of oxalic acid by recombinant OXDC resulted in 17.5% incorporation of radioactivity in the end product with 5% bound to the enzyme-substrate complex in pROD. However, there was no binding of radioactive species either as end product or as intermediate enzyme-substrate complex when mutant enzymes were used (Fig. 6) . The results indicate that none of the mutant enzymes are catalytically active, and the loss of decarboxylation is probably due to alteration in substrate-binding capability. It is very likely that in OXDC, the catalytic and the substrate-binding sites are in the same pocket.
Interaction of oxalic acid with OXDC
The Mn 2+ coordination involving histidines was analyzed in several metal-containing enzyme structures (Tang et al. 1994; Guan et al. 1998; Titus et al. 2000; Woo et al. 2000) . The cluster of histidines is present in the central core of the ␤-barrel in each domain. Structural comparison of the histidine geometry in OXDC structure with that of other existing metal binding proteins shows excellent geometrical fit with three histidine sidechains in OXDC. The manganese was therefore incorporated in the present model at each histidine triad by analogy with the metal-binding sites of other relevant proteins. The model was subjected to further refinement by energy minimization. The proximity of the histidine residues together with the presence of metal ion led us to predict that this must be the potential active site in the molecule. Hence, an attempt was made to dock oxalic acid in the OXDC model to coordinate with the Mn 2+ ion using structures of lactoferrin bound to oxalate (PDB-ILCF, Smith et al. 1994) as the template. This was followed by further energy minimization. The oxalic acid shows weaker interaction with OXDC by about 2.0 kcal in the absence of Mn 2+ . To satisfy the manganese coordination, a water molecule was also included in the model. Modeling of OXDC suggests the possible mode of interaction of the substrate with the enzyme. The arginines, threonine, and aspartic acids come in close proximity to the substrate and therefore might be involved in hydrogen-bonding interactions with the enzyme (Fig. 7A,B) .
Discussion
Several plant storage proteins and other prokaryotic as well as eukaryotic proteins in the germin class apparently exhibit a common structural fold (Argos et al. 1985; Warwicker and O'Connor 1995; Dunwell and Gane 1997; Gane et al. 1998 ). Sequence analysis of OXDC revealed that it is a doubledomain protein that contains a central core sequence called germin motif in each of the two domains. The germin motif is shared by several other functionally diverse enzymes and binding proteins, many of which are associated with synthesis of the extracellular matrix (ECM) (Lane 1994) . Certain critical residues within each of these germin motifs are highly conserved, but some residues in other regions are also conserved among all of these proteins (Dunwell and Gane 1997) . The germin motif is part of a 20/21 amino acid motif [part of the PRINTS motif, germin-1, G(X) 5 HXH(X) 11 G] which is followed usually after 15 residues by a second motif of 16 amino acids [part of the PRINTS motif, germin-2, G(X) 5 P(X) 4 H(X)3N]. The size of the intermotif region varies significantly from a minimum of 15 residues in some microbial enzymes to more than 50 residues in the storage proteins and eukaryotic transcription factors (Dunwell et al. 2001) . The distance between the two germin boxes in OXDC is 20 amino acids, and the terminal 'Asn' in germin box-2 is replaced by an 'Ala' residue (Fig. 1) .
We used the sequence information of the germin box family to build a three-dimensional model of OXDC and defined the potential active site geometry based on the Fig. 4 . Oligomeric organization of OXDC. The purified protein from F. velutipes was subjected to 6% nondenaturating PAGE under nonreducing conditions (A and B) and detected by staining with silver stain (A) and immunoblot analysis using anti-OXDC antibody (B). On 10% SDS-PAGE, the protein was analyzed under different conditions as indicated and detected by silver staining (C) or immunoblot (D). The overexpressed and mutant OXDC were analyzed on 10% SDS-PAGE under native conditions as indicated and detected by immunoblot (E). Monomers (M), trimers (T), and hexamers (H) are indicated by arrows. Lanes: C, catalase; F, ferritin; T, thyroglobulin; O, oxalate decarboxylase; N, native dye; NS, native dye with SDS; NM, native dye with ␤ME; NSM, native dye with SDS and ␤ME; FV, F. velutipes.
above relationship with canavalin and phaseolin in the germin box. The model revealed a hexameric quaternary structure of OXDC molecule organized as a dimer of two trimers, with each monomer containing two structurally similar domains. The buried surface area of the OXDC trimer involved in hexamer interaction is strongly hydrophobic. Approximately 12 aromatic residues appear to be exposed within this area in each trimer. Regarding phaseolin, for which the trimer structure is available, a substantial number of charged residues are exposed in this region, making it a comparatively polar surface. Our experiments using denaturing and nondenaturing PAGE with or without boiling clearly demonstrate the hexameric organization of native OXDC. Moreover, denaturating PAGE under reducing and nonreducing conditions suggests the involvement of noncovalent association among the monomers in each trimer and also between two trimers to form a hexameric structure (Fig.  4A-D) . This explains the fact that none of the decarboxylases contain any conserved cysteine that would form a disulfide linkage in hierarchical oligomerization.
The structural model indicated a cluster of three histidine residues, implying a possible metal binding site located within the germin box in the conserved barrel of each of the two domains. The position and orientation of the imidazole rings of the three histidines belonging to the germin box in each of the domains of OXDC resembled ideal topology for the Mn 2+ binding site as seen in many other Mn 2+ -binding proteins (Woo et al. 2000; Guan et al. 1998) . In fact, such a topology has been extensively adopted in engineering metal-binding sites in several ab initio and template-based protein design studies (Regan 1995) . In the present study, we hypothesized involvement of the two histidine clusters in the catalytic mechanism of the enzyme, possibly through coordination of a metal cofactor, because all of the His → Ala mutants showed total loss of decarboxylase activity. Moreover, noncatalytic vicilin of the cupin superfamily lacks these histidine residues. Indeed, the results of our oxalic acid binding study provide evidence to this effect (Fig. 6) . The cation analysis of the purified enzyme led to the identification of Mn 2+ as a dominating species present in the ratio of 2:1 in the purified enzyme. Considering that the substrate of OXDC is an anionic oxalate, the requirement of cation in the anionic substrate-binding pocket might help in tight binding of the other. On the basis of the geometrical arrangements observed in other such enzymes (Banci et al. 1998; Yang et al. 2000) , Mn 2+ and oxalic acid binding was modeled in both of the domains of OXDC in approximately octahedral coordination of Mn 2+ . This led to a geometrical arrangement facilitating the coordination requirements of the divalent manganese involving oxalate anion, the nitrogen atoms of the imidazole rings of the three histidines, and a water molecule (Fig. 7) . Other requirements of the manganese environment in the proteins (Guan et al. 1998; Woo et al. 2000 ) also appear to be reasonably satisfied in both of the domains.
The histidine-coordinated divalent manganese in each of the two domains of OXDC provides scope for the recognition and binding of two oxalate anions in each subunit, completely independent of each other. Yet, the site-specific mutations suggest that knocking out any of the histidine residues in the two clusters leads to complete loss of activity. The possibility that this loss is due to incorrect folding can be ruled out because the mutant proteins showed hexameric assembly in the SDS-PAGE under nondissociating conditions. The allosteric nature of native OXDC suggests this cooperativity between two substrate-binding sites of Presence of divalent cation in OXDC was analyzed by subjecting the purified enzyme from F. velutipes to atomic absorption spectroscopy. Two independent preparations of enzyme were analyzed for identification of divalent cations such as Mn, Cu, Co, Ni, Zn, and Fe. The stoichiometry between the metal ion tested and OXDC was determined as mol/mol and the results expressed as number of atoms per monomer of OXDC. each monomer. Although the two sites are geometrically independent within a subunit, the active sites of the neighboring subunits are in close proximity in the trimer. In addition to its role in the enzyme catalysis, the metal coordination in proteins also contributes to its architectural stability. Knocking out of any of the histidines should affect the structure of the protein locally, leading to the destabilization of the topology of the other site as well, without hampering the quaternary structure. The substrate binding sites in the two domains have more or less identical environments in terms of the nature of the residues involved (Fig. 7) . Whereas Arg117 and Thr147 hydrogen-bond with oxalate in the case of the N-terminal domain, the corresponding residues in the C-terminal domain are Arg401 and Asp309. The Arg151 of the N-terminal domain and the corresponding Arg332 of the C-terminal domain form part of the germin motif, and interact with the oxalic acid in both domains. Thus, the electrostatic potential distribution in the substrate-binding pockets of the two domains is comparable but not identical. Such quasiequivalence in the geometry of the active site in two independent domains of a single subunit is interesting. 6 . Binding of oxalate to recombinant and mutant OXDC expressed in fission yeast. A typical decarboxylation reaction without cold substrate was initiated with 10 nmoles of 14 C-oxalic acid and 5 g equivalent protein extract from recombinant or each independent mutant OXDC. The binding of oxalic acid was determined by percent incorporation of radioactivity in end product (CO 2 ) and remaining reaction mix. The fractions were prepared by trapping CO 2 , followed by mechanical separation of bound OXDC and free oxalic acid.
Comparison of the corresponding residues in other proteins which interact with oxalic acid was also done on the basis of their sequence alignment with OXDC (Fig. 1) . In OXAOXA, the putative substrate-binding non-His residues are conserved, which is consistent with the observation that OXAOXA has catalytic activity similar to that of OXDC. However, OXAOXA does not contain the histidine clusters, implying that it may not have bound metal cation in the substrate-binding pocket. It is attractive to hypothesize that the role of Mn 2+ interacting with the substrate in OXDC is assumed by the CoA in the case of OXAOXA. In OXOX, which corresponds to one of the two domains of OXDC, none of the residues except the histidine cluster is conserved. This would explain the difference in the activity of OXOX in comparison to OXDC, whereas the presence of all three histidine residues explains its ion binding property. However, in B. subtilis OXDC, the non-His and His ligands are conserved except for Thr141 and Arg401.
We have demonstrated for the first time the structural model of F. velutipes OXDC consistent with biochemical and molecular evidence for oligomeric organization and histidine-coordinated manganese in substrate recognition. The results suggest that OXDC is a hexamer of six identical subunits of 410 kD molecular mass, and the hexamer is a dimer of trimers. The Mn 2+ and oxalic acid binding to the active site of OXDC plays a key role in enzyme catalysis. We also suggest that this motif and histidine may have functional roles in the catalytic mechanism involved in the other two oxalate-degrading enzymes and in the evolution of other proteins with this motif. Our analysis of homologs from diverse prokaryotic and eukaryotic single-or doubledomain proteins indicated that, probably, the germin box motif through instruction of divalent cations can give rise to different functions with a corresponding change in the specificity-determining residues.
Materials and methods
Molecular modeling
Knowledge-based modeling of oxalate decarboxylase monomer was carried out using canavalin (PDB code: 1cau) (Ko et al. 1993) and phaseolin (PDB code: 2phl) (Lawrence et al. 1994 ) as template molecules. The HOMOLOGY module in BIOSYM molecular modeling software (Biosym Technologies) was used on an IN-DIGO2 workstation (Silicon Graphics) for model building. The structural model was refined by energy minimization in a DISCOVER module. The crystal structures of phaseolin and human homogentisate dioxygenase (PDB code 1EY2) were used to build the trimer and hexamer models, respectively. The sequence alignment of hypothetical proteins from Synechocystis (GenBank accession no. D90907) and B. subtilis oxalate decarboxylase, Yvrk (GenBank acc. no. Z99120 and AF027868) and that of OXAOXA from O. formigenes (GenBank Accession No. M771128) and OXOX from barley (GenBank acc. no. P15290) was accomplished using ClustalW (Thompson et al. 1994 ) and BLAST (Altschul et al. 1990 ) searches conducted on the sequences.
Fission yeast strain and growth condition
The fission yeast strain Schizosaccharomyces pombe used in this study was BJ7468 (ura4-D18 leu1-32 ade6-M216). Cells were grown aerobically at 30°C in selective synthetic medium (EMM) as described (Maundrell 1993) , and genetic transformation was carried out by the alkaline cation method (Okazaki et al. 1990 ).
Site-directed mutagenesis
The OXDC coding sequence from a cDNA clone of F. vellutipes (Datta et al. 1996) was subcloned in pREP1 expression vector (Maundrell 1993) , and the resulting clone pROD was used as the template for the preparation of site-specific mutants. The mutants pROD1, pROD2, pROD3, pROD4, pROD5, and pROD6 were constructed using the standard PCR-based cloning strategy with mutagenic primers. The double mutants pROD1-3, pROD2-3, pROD4-6, and pROD5-6 were constructed in a similar way using the single mutants as templates. The clones thus obtained were sequenced using the Sequenase ™ version 2.0 DNA sequencing kit to rule out the presence of other nonspecific mutations. The DNA templates and the mutagenic oligonucleotides are available upon request.
Purification, expression, and enzyme assay
The OXDC from F. velutipes was purified as described (Mehta and Datta 1991) . The overexpressed OXDC from pROD and mutants was extracted in 1 mL of extraction buffer containing 100 mM Tris-Cl (pH 8.0), 1 mM DTT, 20% glycerol, and 3 mM PMSF from the pellet of log-phase (A 600 ‫ס‬ 3.0) grown cell culture (Rose et al. 1990 ). The extracts were centrifuged at 12000 g for 5 min. The protein content in supernatant was determined using a Bradford protein assay kit (BioRad). An aliquot of 25 g enzyme from each sample was subjected to 12.5% SDS-PAGE (Laemmli 1970) and blotted onto a nitrocellulose membrane (Amersham-Pharmacia) by electrotransfer (Towbin et al. 1979 ). The OXDC enzyme was detected by immunostaining of Western blot using rabbit polyclonal antibody raised against OXDC. The OXDC activity was determined (Mehta and Datta 1991) in 1 mL of reaction mixture using 50 g equivalent enzyme.
Atomic absorption spectroscopy
The OXDC was purified from F. vellutipes as described (Mehta and Datta 1991) , and purified enzyme was analyzed by subjecting the enzyme to Graphite chamber atomic absorption spectrophotometry (Varian Spectra AA 880, GTA 110). The concentration of each metal ion was determined with reference to previously constructed standard curves for all the cations tested.
Substrate binding assays
The substrate-binding assay for F. velutipes OXDC was carried out with purified enzyme, and the assays for pROD and mutant enzymes were done with a partially purified preparation. The decarboxylation reaction was initiated as described (Mehta and Datta 1991 ) with a few modifications. Each reaction was carried out with only 14 C-oxalic acid (10 or 20 nmoles) and 2.5 g equivalent protein.
The radiolabeled CO 2 thus evolved was trapped immediately in methylbenzethonium hydroxide and transferred to a separate tube. The reaction was not terminated by TCA but rather was used immediately to separate the protein-bound oxalate from the free oxalate. Thus the remaining reaction was centrifuged through a Centricon-100 filter device at 2000 g for 10 min at 10°C. All three fractions (radiolabeled CO 2 as end product, retentate as bound oxalic acid, and flow-through as free one) were transferred to 5 mL of toluene-based scintillation fluid, and the radioactivity was determined. The GenBank accession number for F. velutipes oxalate decarboxylase is AF 200683.
